Abstract-This paper presents the design, fabrication, and characterization of a silicon-micromachined mechanical sensor that directly compares the wall shears of two different surfaces in a liquid flow. The 27 mm × 27 mm sensor contains two 10 mm × 20 mm × 0.2 mm plates suspended to displace in proportion to the shear force on each surface. The monolithic sensor designed to compare skin-friction drag on two different surfaces consists of two floating plates, each suspended from a frame by identical flexure beams etched out of a 0.2-mm-thick silicon wafer. Design of the sensor is assisted by finite-element analysis to ensure adequate structural characteristics in the intended flows and validated by experimental characterization. The fabrication process is presented in detail, including how to form millimeter-long beams with a uniform cross section in micrometers and release the centimeter-scale plates suspended by the delicate beams. This paper provides a guidance to develop a miniature shear comparator using silicon microfabrication technologies.
The fabrication technologies of microelectromechanical systems (MEMS) have enabled the development of shear-stress sensors with much better performance than those made from conventional machining technology. Many MEMS shear-stress sensors have been developed since the beginning of MEMS research. For example, MEMS-based sensors have shown promising spatial and temporal resolutions for turbulence measurements, potentially capturing the broad frequency spectrum and small-scale structures of turbulent flows [1] . MEMS-based shear sensors have been conventionally classified into two groups: indirect and direct measurements. Indirect measurements are usually easier to fabricate and more robust, but their sensing schemes rely on empirical or theoretical relations only valid for specific flow conditions. Well-known indirect shear-stress sensors include thermal sensors [3] [4] [5] [6] and micro-pillar sensors [7] , [8] . Direct measurements are typically achieved by using a floating element flush-mounted into the wall and displaced by the wall-bounded flow. The in-plane displacement of the floating element by the shear force on its surface is measured capacitively [9] [10] [11] [12] [13] [14] [15] [16] , piezoresistively [17] [18] [19] [20] , or optically [21] [22] [23] [24] . Not surprisingly, most existing MEMS sensors are designed to measure the absolute values of a measurand; measurement of comparative values against a reference is rare. The skin-friction drag is usually very small on a MEMS sensor (e.g., ∼0.3 mN on 1 cm 2 surface under frictional Reynolds number Re τ ∼ 650, which is a turbulent flow of a quite high speed), making absolute value measurements prone to large errors.
Having started with the self-cleaning ability of some natural surfaces, superhydrophobic (SHPo) surfaces have attracted a strong interest in fluid dynamics for the possibility of large drag reduction without any external energy input [25] , [26] . Despite high expectations and vigorous investigations, the drag reduction on SHPo surfaces has mostly been established only for laminar flows, in which theoretical predictions [27] [28] [29] have been experimentally confirmed [30] , [31] after years of large data scattering [32] . Such an establishment of SHPo drag reduction has yet to be made for turbulent flows [32] , for which the studies have mostly been numerical [33] due to the lack of accurate skin-friction measurement techniques. Experimental studies have been rare and based on indirect measurements of drag variation (e.g. estimated from the flow velocity profile or pressure drop) [34] [35] [36] [37] , resulting in inconsistent and inconclusive results [32] . Considering its great impact to the industry, we have been motivated to develop a reliable method to measure the drag variation on SHPo surfaces. Our approach to satisfy this goal is to develop a shear sensor that measures the drag reduction in an as direct manner as possible with minimal transduction steps, which would add errors. More specifically, the SHPo surface is to be displaced by the shear stress and measured visually. Furthermore, a reference surface is to be placed adjacent to the test surface, so the rate of drag variation is always accurate even if the absolute values may be biased. Lastly, the testing apparatus should allow constant monitoring of the SHPo surface during the flow tests so that the obtained reduction data can be confirmed legitimate (cf., the reduction is illegitimately large if the gas layer is overgrown). The successful development of such an ambitious device led to a series of flow experiments that unequivocally confirmed the drag-reducing capability of SHPo surfaces in turbulent boundary layer (TBL) flows [2] , which represent the flows around all traveling water vehicles.
In this paper, we report the development of the above shearsensing device, from the concept and mechanical design to the fabrication and characterization. The boundary conditions of the design are imposed at the conceptual level by the flow conditions to be studied. For example, to study turbulent flows, the shear-sensing surface should be small enough to fit in a silicon wafer but large enough to allow multiple coherent near-wall turbulence vortices on it. The mechanical characteristics, including spring constant, cross sensitivity, and resonant frequency, are studied by finite element analysis (FEA) and verified by experiments. We also describe the fabrication processes used to create the sensor monolithically from a silicon wafer. Lastly, although the reported comparative shear sensor has been developed to study drag reduction of SHPo surfaces in the turbulent flows of [2] , the general approach is valid to study other types of surfaces (e.g., not SHPo) as well as in other types of flows (e.g., laminar).
II. PRINCIPLES AND DESIGN

A. Sensing Principle
The drag on a surface of interest relative to a reference surface is measured by reading how much the plate with the surface of interest is displaced compared to the plate with the reference surface. The two plates, which are the same except their surfaces, are suspended by identical springs and considered to experience the same flow condition. Consequently, if the two plates displace in different amounts, the difference is solely due to the difference in the skin-friction drag acting on their surfaces. Figure 1 schematically illustrates how to measure the relative drag variation using the proposed shear sensor in a flow test. The sensor (2.7 cm × 2.7 cm × 0.2 mm) ( Fig. 1(d) ) consists of a pair of floating plates (2 cm × 1 cm × 0.5 mm each) suspended by two sets of folded-flexure beams. The top of one plate is a SHPo (i.e., slip) surface (microgrates for this paper as shown in Fig. 1(b) ), and the top of the other plate is smooth (i.e., no-slip) surface. The folded-flexure suspensions for the two plates are designed to be identical to ensure the same spring constant. Furthermore, the sensor is designed to be flexible in the streamwise direction but stiff in all other directions to make it sensitive to the skin-friction force in the streamwise (parallel to the flow) direction and insensitive to the forces both in the spanwise (transverse to the flow) and out-of-plane (vertical from the wall) directions. Single crystal silicon is selected as the structural material due to its excellent elastic property. In the presence of a flow over the sensor, the shears on top of the plates displace them in the streamwise direction (the plate moves as rigid body). Since there is no flow underneath the plate (Fig. 1(c) ), there is no disturbance from the backside. The drag reduction can be directly measured by reading the displacements of the two plates, as shown in Fig. 1(e) , since the suspended plates shift proportionally to the skin friction as long as the spring deforms within the linear range. In order to accurately measure the displacements in microscale, microscopic rulers are built into the sensor frame. The rulers are patterned on the backside of the sensor (outside the flow), so that the displacements can be optically measured from outside the water through a transparent viewing window. Note that while the measured drags may not be accurate in their absolute values, their relative values are always accurate.
B. Sensor Dimensions and Sensitivity
To decide the dimensions for successful sensor performances, one should consider several constraints including the followings: (1) target flow condition, (2) desired sensitivity (i.e., spring constant), (3) practical limitations on microfabrication, and (4) limitations in flow tests. The target flow for the current development [2] has a frictional Reynolds number Re τ = u τ δ/ν ∼ 250, based on the wall-shear velocity u τ , boundary-layer thickness δ, and kinematic viscosity ν, which roughly corresponds to the commonly known Reynolds number Re x ∼ 10 5 -10 6 . This is a common range, such as the range for a small unmanned underwater vehicle at cruise. Under this flow condition, the shear stress τ on a smooth surface is estimated to be at a level of O(1 Pa) [38] , [39] , so the shear stress on a SHPo surface is smaller by less than O(1 Pa), which dictates the resolution of the sensor. The area A of the floating plate should be large enough to host multiple near-wall turbulence vortices. Statistically, these turbulence structures are known to be of nondimensionalized diameter D + = Du τ /ν ∼ 100 and apart from each other by nondimensionalized spanwise distance of Z + = Zu τ /ν ∼ 30-50 [40] . Under the present target flow condition, this requirement converts into the area of O(10 −4 m 2 ) scale or around 1 cm × 1 cm. The difference in the displacements of the two plates d is expected to be on the order of O(10 −5 m). Since d is proportional to the skin-friction drag reduction F tangentially acting on the plates as d = F/k, the spring constant k of the flexural suspension needs to be of O(10 N/m). Considering the test section size of the water tunnel in [2] (5 cm × 5 cm), the extra space required for the assembly accessories, and the fabrication capability of the UCLA Nanoelectronics Research Facility (Nanolab), we determined the overall size of sensor to be 2.7 cm × 2.7 cm, the floating plates to be 1 cm wide, 2 cm long, and 200 μm thick, and the flexure beams to be 15 μm wide, 100 μm thick (high), and 5000 μm long (but folded into two 2500 μm sections), as shown in Fig. 2 .
III. FINITE ELEMENT ANALYSIS
A. The Approach
Finite element analysis (FEA) was performed to predict the mechanical characteristics, including spring constant, cross sensitivity, and resonant frequencies and the associated mode shapes. The goal is to assure the floating plates will displace by a sensible distance by the target flows and not displace in any other direction. Since the actual dimensions of the sensor are always slightly different, with the width w of the flexure beams being the parameter affected by the fabrication and also affecting the plate displacement, we introduced critical dimension (CD) loss in the FEA modeling to represent the process-induced variation, which is the DRIE profile angle α. The sidewall of DRIE is often not completely vertical, making the fabricated CD on the top surface different from that on the bottom surface. For the UCLA Nanolab, the standard DRIE process at the time of this study yielded α = 88.5°, resulting in a total CD loss of 5 μm for 100 μm-deep etching. After integrating the CD loss into the original geometry parameters, three-dimensional (3D) models of flexural suspensions and floating plates with different surfaces were built and simulated by Comsol 4.0. Due to the limitations of memory during computation, the periodic microgrates of the SHPo surfaces were replaced by a solid layer of a density accounting for the gas faction of the SHPo surface. Figure 2 shows the overall 3D model of one floating plate, the zoom-in view of the flexural beams, and the cross-sectional view of the flexural beams. The boundary conditions were applied to fix the four anchors and free all other elements, including flexure beams and floating plates, to move in all directions.
B. Spring Constant and Cross Sensitivity
Two types of loads were provided in FEA to study the spring constant and cross sensitivity of the flexural suspension. One was an in-plane (X-Y plane) surface load comprised of F y (streamwise direction) and F x (spanwise direction) and applied to either the SHPo or smooth surface on the floating plate to represent the near-wall shear stress, and the other was an out-of-plane (Z-direction) body load F z applied to the floating structure to represent the gravity. Note that, in practice, the shear stress in the spanwise direction is much smaller than that in the streamwise direction, and the given load F x is only for comparing the sensitivity of the flexural suspension in both directions.
Figure 3(a) shows the FEA result for the plate with a smooth surface, using F y = 0.9 mN (∼ 4.5 Pa), F x = 0.9 mN (∼ 4.5 Pa), and F z = 0.9 mN. The floating plate shifts ∼200 μm in the streamwise direction, reaching its maximum displacement, while shifting less than 50 nm in the spanwise direction, indicating the flexural suspension is at least 4000 times stiffer in the spanwise direction, making the sensor very robust to spanwise disturbance. In the out-of-plane direction, the floating plate moves down ∼ 3.7 μm due to gravity. For the plate with a SHPo surface, the mass of the floating structure proportionally decreases as the GF of SHPo surface increases. For the cases of GF = 50% and GF = 90%, the out-of-plane movements are simulated to be ∼1.7 μm and ∼1.4 μm, respectively. This height difference O(1 μm) is two orders of magnitude smaller than the thickness O(100 μm) of the viscous sublayer, which is known to be the critical thickness responsible for the drag-reduction mechanism in turbulent flows, and thus does not affect the measuring accuracy of our present device. The rigid stiffness in the out-of-plane direction guarantees that the out-of-plane motions of floating elements due the dynamic pressure fluctuations of turbulent flows are also negligible. Since the movement in the streamwise direction dominates the load response and affects the flow test the most, spring constant k y = 4.48 N/m was derived, as shown in Fig. 3(b) , and used for further comparison with experimentally measured results. The result indicates the floating plate will displace by a distance adequate for the sensing resolution and within the range allowed by the sensor frame.
C. Resonant Frequencies and Associated Mode Shapes
Resonate frequencies and associated mode shapes for three surfaces (smooth, 50% GF SHPo, 90% GF SHPo) were simulated by FEA. Figure 4 shows the first eight mode shapes of the sensor. The color on the surface indicates the displacement value, which is normalized and has no physical significance. It was found that the first four modes are related to the floating plate, while the following four are related to the flexural suspension. Modes 1 and 2 are the translational modes corresponding to the displacement of floating plate in the streamwise and out-of-plane directions, respectively. Modes 3 and 4 are the rotational modes corresponding to the rotation around longitudinal and latitudinal axes. The figure lists the resonate frequencies of the three surfaces at each resonance mode. The undesired parasitic modes (modes 2 -8) have one order of magnitude higher resonant frequencies than the first dominant mode, indicating a good frequency separation and stiffness to the parasitic modes disturbances. Among the three different surfaces, the SHPo surfaces have higher resonant frequencies than the smooth surface, especially in the lower modes, as they are slightly lighter by the air fraction. The result indicates the floating plate will respond to the flow direction but not to any other directions either statically or resonantly.
IV. FABRICATION
A. Overall Process
The differential shear sensor was monolithically fabricated from one silicon wafer using double-side deep reactive ion etching (DRIE), as illustrated in Fig. 5 . The process started with a double-side polished 200±2 μm-thick (4 inch, p-type <100>, 1-20 ohm-cm) silicon wafer. First, the flexural suspension beams as well as the built-in ruler marks were defined by a 15 min DRIE etching (Unaxis Versaline Series FDRIE III) on one side with a ∼1.5 μm-thick photoresist AZ5214 as the etching mask ( Fig. 5(a) ). The etching depth was time-controlled and measured to be 100±2.5 μm, which is the desired thickness (height) of the flexural beams. The photoresist mask and any polymer residues from DRIE process were removed in O 2 plasma (300 mTorr at 300 W) for 3 mins, followed by a Piranha solution (4:1 H 2 SO 4 and H 2 O 2 ) cleaning. Then, this 200 μm-thick device wafer was flipped over and mounted on a 500 μm-thick carrier wafer using cool grease (Tech Spray Heatsink Compound) as an adhesive layer ( Fig. 5(b) ). Another DRIE was performed to define the two floating plates, carve out the sensor, and create the 100 μm-tall microgrates for the SHPo surface (Fig. 5(c) ). This second DRIE required careful and frequent inspections near the completion to minimize over-etching. Note that the height of the flexure beams starts to decrease as soon as the second DRIE reaches and exposes the top of the beams. After etching through, the device along with the carrier wafer were immersed in an Baker ® ALEG™ 350 solution at 100°C for 1 hr to strip off the photoresist and DRIE-induced polymer residues, disperse the cool grease, and thus release the device from the carrier wafer. A thin layer of Teflon was coated on both smooth and structured surfaces by carefully dispensing a small amount of 0.2 wt% Teflon ® AF1600 over the two surfaces and subsequently baked at 180°C for 15 mins and then 330°C for 1 hour to make the surfaces hydrophobic or superhydrophobic ( Fig. 5(d) ). Figure 6 shows the fabricated sensor and the cross-sectional views of the flexural beam and SHPo surface on one of the plates. As expected in the section of finite element analysis, the DRIE etching profile had an angle of ∼88.5°, making the beam ∼5 μm narrower at the bottom than at the top. For applications, such as the flow tests described in [2] , the sensor may be affixed onto a transparent substrate with a gap formed by glass spacers, as shown in Fig. 5(e) . 
B. DRIE of Flexure Beams
In the above fabrication process, a main challenge was to form the 2.5 mm-long, 100 μm-tall, and 15 μm-wide flexure beams on the wafer backside, as corresponding to Fig. 5(a) , with high uniformity and fidelity. Figure 7 (a) shows a typical example of failures in etching the beams due to the undercut and non-uniformity of etching. The beam width may vary by over 10 μm across the long beam. In order to minimize the undercut repeatedly observed in our early fabrication development, dummy structures (not shown in Fig. 5 in order to avoid obfuscation) were added next to the flexure beams, as shown in Fig. 7(b) . These dummy structures were found effective in protecting the flexure beams from the undercuts by avoiding the large open area of etching around the beams. This improvement can also be explained by considering the balance of an etching aspect ratio and local etching loading.
The wide-open trenches shown in the left drawing of Fig. 7(b) tended to form a negative slope on their sidewall, while narrow trenches in the right drawing of Fig. 7(b) tended to form a slightly positive slope. However, when the flexure beams and dummy structures were placed too close, the "lag effect" reduced the local etching rate causing the flexure beams to etch slower than other structures of the sensor in the first DRIE step (Fig. 5(a) ). This depth difference would make the time control of the through etching by the second DRIE very difficult (Fig. 5(c) ). Therefore, based on the geometry of our sensor and several in-house DRIE test runs at UCLA Nanolab, we determined the distance between the flexure beam and its adjacent dummy structure to be 45 μm, which produced beams with a height-to-width aspect ratio of about 2.2. Note that, although the numbers shown here may vary with different processing equipment, geometric details of the sensor, and other process variations, the overall design principle can be a general guidance for further efforts to replicate the results or develop similar sensors. The dummy structures are automatically washed away during the subsequent step of device release (Fig. 5(c) ).
Another main challenge was the second DRIE on the wafer front-side, as corresponding to Fig. 5(c) . We found that heat dissipation during the DRIE was critically important for a uniform etching, which was necessary because this through etching determined the local height along the flexure beams. To mount the DRIE-defined device wafer on the carrier wafer in preparation for the second DRIE, a cool grease was used to fill all the voids between the two wafers, as shown in Fig. 5(b) . The cool grease not only assured uniform heat conduction between the wafers, but also protected the sidewalls of the beam patterns on the backside of the device wafer from being exposed and over-etched at the end of the second DRIE. We had tried several other mounting methods before reaching this successful method. The first attempt was to mount the device wafer onto the carrier wafer using photoresist AZ4620 as the adhesive layer. A thick photoresist is commonly used as it can be conveniently applied to bond two wafers and easily be dissolved in a solvent or piranha solution to separate them. However, we found that using AZ4620 as the bonding agent led to serious undercuts, poor uniformity, and black silicon issues, most likely caused by its poor thermal conductivity. The second attempt was to use a cool grease as the adhesive layer. However, we did not intentionally fill all the voids between the two wafers because of the perceived risk of contaminating and damaging the flexure beams. The better conduction of cool grease alleviated but did not prevent the poor uniformity and excessive undercut. Moreover, the air trapped in the voids between the wafers became a serious problem during the second DRIE, as it was often pressurized enough during the hot DRIE process to separate the two wafers. The eventual practice of filling all the voids with the cool grease, as described in the previous section with Fig. 5(b) , solved the above problems and enabled successful fabrication.
C. Final Release of Device
Another main challenge in fabricating the sensor was the final process of device releasing. As seen from Fig. 6(a) , each of the two large floating plates (2 cm × 1 cm and 200 μm thick) was suspended solely by a set of four 2.5 mm-long folded (or 5 mm-long total) beams with 15 μm-wide and 100 μm-tall cross section, making the device fragile for handling. We needed to develop a new process specifically for releasing the device safely, as illustrated in Fig. 8 . The key for this releasing process was to avoid any possibility of drying and minimize fluid disturbance during the freeing and cleaning. The entire releasing process was performed in liquids of ALEG and DI water in sequence. In our experiments a photoresist stripper (Baker® ALEG™ series was used) worked better than solvents (e.g., acetone, methanol) in terms of dissolvability. Once the cool grease between the device and carrier wafers was dispersed completely in the ALEG 350 solution, as shown in Fig. 8(a) , the device wafer was free on the carrier wafer. At this point, slightly lifting and tilting the carrier wafer in the ALEG solution made the device wafer slide down onto the round bottom of the dish, as shown in Fig. 8(b) . As a result, the carrier wafer could be removed without physically contacting the delicate device wafer, as shown in Fig. 8(c) . Next, the low-profile dish was taken out of the ALEG bath and immersed into the DI water bath, as shown in Fig. 8(d) . The delicate device was never subjected to potential drying or mishandling, as it was transferred while immersed in the ALEG solution at the bottom of the dish. The DI water was continuously perturbed and overflown to flush any residual cool grease particles away, as shown in Fig. 8(e) . Finally, the cleaned device was vertically pulled out of the water and dried in ambient air, as shown in Fig. 8(f) . The vertical orientation was preferred so that the floating elements experience forces mostly to the in-plane direction of the device, along which any excessive displacement were prevented by the frame. The subsequent steps of coating and device assembly, e.g., Fig. 5(e) , for handling and installation are specific for applications, and one example of usage was reported in [2] .
V. DEVICE CHARACTERIZATION AND VERIFICATION
The resonate frequency and spring constant were measured and compared with the FEA predictions to verify the mechanical properties of the fabricated sensor met the design goals. The assembled sensor was horizontally fixed on a vibration isolation table and only the floating plate was forced to vibrate by a puff of air. The vibration was then visually recorded using a high-speed camera with a 20x magnification lens. The framing speed was set to be 300 frame-per-second (fps), and the optical resolution was about 3 μm (1 pixel size). Table I summarizes the measurement and FEA results of the three plates: smooth surface, SHPo surface with gas fraction (GF) = 50% (Sensor I) and SHPo surface with GF = 90% (Sensor II), where GF is defined as the ratio of the air-water interfacial area to the overall projected area.
The measured resonant frequencies showed good agreement with the FEA predictions, as summarized in Table II . The spring constant for the flexural suspensions was then estimated from the measured resonant frequencies and mass as
where f is the resonate frequency, k is the spring constant, and m is the mass of floating plate. The plate masses were measured to be 0.0925 g for the smooth surface, 0.07 g for the 50% GF SHPo surface, and 0.058 g for the 90% GF SHPo surface. Although the spring constant deviated between 1% and 9% from the FEA predictions, the variation within one chip (i.e., a given sensor among 11 different sensors) was less than 2%. Therefore, while the displacements (i.e., drag forces) may not be measured accurately in their absolute values during flow tests, their relative displacement (i.e., relative drag or the rate of drag reduction) should always be accurate. The relatively large variation of spring constant between different chips resulted from the variation of suspension (flexure) beams' height and width from chip to chip. As seen from Figs. 5(b) and (c), in order to form the flexure beams that suspend the floating elements and define the top surfaces that the liquid contacts during the flow tests, the second DRIE etched through the chip from the front side. Because this etch-through process relied on the estimated etching time without any etch stop mechanism, the total etching time was decided by occasional visual inspections. In other words, the etch-through time, shown in Fig. 5(c) , varied between different chips. As a result, the final height and DRIE width tapering for devices on different chips were different, leading to the large variation of the spring constant between chips. The variation of beams within a given chip is affected only by the non-uniformity of a given DRIE over the given chip area, leading to the relatively small variation of the spring constant on a given chip. Previous attempts to measure the skin friction with floating elements used complex electrical transductions to achieve standalone micro-sensors. The direct and comparative measurement used for the current shear sensor avoids the complexities of implementing additional transducers and the errors associated with them. The experiments further confirmed that the floating plates were free to move along the longitudinal direction but highly restricted against transverse, vertical, and rotational motions. All these parasitic motions were found to be much smaller than the detectable resolution of 3 μm for the optical microscopy employed. The shear-comparison sensor developed in this work was proven effective in flow tests, such as the recent report [2] , which unequivocally confirmed reduced drags on SHPo surfaces in turbulent flows and established how surface geometric parameters affect the amount of reduction.
VI. CONCLUSION
We have developed a silicon-micromachined shear sensor that directly compares the liquid drag on two different surfaces. Through FEA modeling and experimental characterization, the fabricated sensor has been verified to possess the mechanical properties needed for successful tests at typical flow conditions. The process to fabricate the sensor was established, and several fabrication challenges have been tackled by experimental studies. The comparative sensing scheme developed in the present study is not limited to SHPo surfaces; it can also be applied to evaluate the various methods in the field of flow controls, where it is difficult to obtain absolute values accurately.
